Abstract | Whereas the cerebral cortex has long been regarded by neuroscientists as the major 25 locus of cognitive function, the white matter of the brain is increasingly recognized as equally 26 critical for cognition. White matter comprises half of the brain, has expanded more that gray 27 matter in evolution, and forms an indispensable component of distributed neural networks that 28 subserve neurobehavioral operations. White matter tracts mediate the essential connectivity by 29 which human behavior is organized, working in concert with gray matter to enable the 30 extraordinary repertoire of human cognitive capacities. In this review, we present evidence from 31 behavioral neurology that white matter lesions regularly disturb cognition, consider the role of 32 white matter in the physiology of distributed neural networks, develop the hypothesis that white 33 matter dysfunction is relevant to neurodegenerative disorders, including Alzheimer's Disease 34 and the newly-described entity chronic traumatic encephalopathy, and discuss emerging concepts 35 regarding the prevention and treatment of cognitive dysfunction associated with white matter 36 disorders. Investigation of the role of white matter in cognition has yielded many valuable 37 insights, and promises to expand understanding of normal brain structure and function, improve 38 the treatment of many neurobehavioral disorders, and disclose new opportunities for research on 39 many challenging problems facing medicine and society. 
Introduction 48
The central importance of the cerebral cortex in the elaboration of human behavior enjoys 49 such wide popularity that this perspective has become axiomatic. The billions of cortical neurons 50 in the human brain, and the trillions of synapses linking them, are regularly regarded as 51 comprising the singular repository of cognitive function, so much so that neurologists routinely 52 invoke the term "higher cortical function" to describe the study of brain-behavior relationships. 53
Similarly, neuroscientists retain such firm allegiance to the hegemony of the cerebral cortex that 54 the term "corticocentric myopia" has been used to describe the relative paucity of neuroscientific 55 investigation devoted to other brain areas that may contribute to cognitive function (Parvizi, 56 2009) . observation is that white matter has actually expanded more in evolution than gray matter, 141 reflecting the requirement for more myelination as cortical expansion leads to greater distance 142 between neuronal cell bodies (Zhang and Sejnowski, 2000). The selective expansion of white 143 matter, in turn, appears to contribute to the singular intelligence of homo sapiens; while other 144 intelligent animals such as whales and elephants actually have larger brains, with nearly as many 145 cortical neurons, humans have the most extensive cerebral myelination (Roth and Dicke, 2005) . 146
Thus human cognition depends as much on brain connectivity as on the activity of cortical 147
neurons. 148
These considerations are consistent with prior observations on focal disconnection 149 syndromes (Geschwind, 1965) , and further predict that diffuse lesions of the white matter can 150 reliably produce cognitive deficits that may even reach the severity of dementia. Evidence for 151 this notion is steadily mounting, based primarily on the correlation of cognitive loss with MRI 152 white matter lesions (Filley, 2012) . A wide variety of white matter disorders can compromise 153 cognition (Filley, 2012) , and because these disorders typically produce widespread or diffuse 154 neuropathology, the parallel involvement of multiple distributed neural networks is presumed 155 responsible. MRI has been transformative in this context, and a newer and particularly appealing 156 neuroimaging technology being investigated is DTI, which enables the detailed depiction of 157 white matter microstructure by assessing the diffusion of water along myelinated tracts (Zhang et  158 al., 2012). The most common DTI parameters, fractional anisotropy (FA) and mean diffusivity 159 (MD), are used to quantitate the degree of abnormal (isotopic, or random) water diffusion within 160 white matter, but DTI is not yet capable of generating specific information as to whether axonal, 161 myelin, or other pathology is involved (Zhang et al., 2012) . This technique, however, holds much 162 promise for the non-invasive identification and characterization of white matter pathology. 163
A convincing example of the potential for white matter neuropathology to produce 164 dementia is toluene leukoencephalopathy (TL), a dementia syndrome resulting from intense and 165 prolonged exposure to inhaled toluene as a result of solvent vapor abuse (Hormes et al., 1986 ; 166 Rosenberg et al., 1988; Filley et al., 1990 , Filley et al., 2004 Filley, 2013) . This common but 167 underappreciated form of substance abuse can produce severe neurotoxicity because of daily 168 exposure to inhaled toluene that may be pursued for many years (Hormes et al., 1986) . The high 169 lipophilicity of toluene accounts for its predilection to damage myelin, and toxic exposure 170 produces widespread cerebral myelin loss with concomitant dementia (Rosenberg et al. 1988) . 171
The degree of cerebral white matter injury correlates with the severity of cognitive impairment 172 (Filley et al., 1990) , supporting the notion that cerebral white matter injury in TL can be 173 sufficient to cause dementia. The white matter regions specifically involved in the pathogenesis 174 of dementia appear to be the large tracts of the cerebral hemispheres, as intracortical myelin has 175 been noted to be unaffected (Rosenberg et al., 1988 , Filley et al., 2004 or relatively spared 176 (Kornfeld et al., 1994) . Indeed, a systematic review of 30 empirical studies found that toluene 177 can produce dementia by preferentially affecting white matter relative to gray matter, and that 178 periventricular and subcortical white matter is most vulnerable (Yucel et al., 2008) . 179
Based on the observations of TL, other neurologic disorders with prominent white matter 180 involvement have been observed to manifest a similar clinical picture (Schmahmann et al., 181 2008 ). In addition to leukotoxic injury as exemplified by TL, vascular, traumatic, demyelinative, 182 inflammatory, infectious, metabolic, hydrocephalic, neoplastic, and genetic disorders can all 183 damage brain white matter and produce similar cognitive effects (Filley, 2012). Table 1 displays  184 these ten categories and an example of a specific disorder within each. Many of these disorders 185 feature co-existent gray matter involvement, and in many cases an admixture of gray and white 186 matter pathology likely accounts for cognitive dysfunction and dementia. Yet all the entities in 187 Table 1 share a substantial burden of white matter pathology, and evidence is accumulating that 188 supports a selective role of white matter injury in cognitive dysfunction and dementia 189 (Schmahmann et al., 2008) . To highlight the potential for white matter disorders to produce this 190 often devastating outcome, the term white matter dementia (WMD) was introduced in 1988 to 191 help organize thinking about white matter dysfunction in relation to cognitive decline (Filley et 192 al., 1988) . in which procedural memory is impaired (Saint-Cyr, Taylor, and Lang, 1998). Table 2 displays 203 core cognitive differences between cortical, white matter, and subcortical dementia. These 204 differences are most evident in the early stages of dementia, as with the progression of 205 neuropathology all cognitive functions are eventually lost and the dementias become 206
indistinguishable. Yet the clinical distinctions in Table 2 Figure 1A produces cognitive slowing and 215 executive dysfunction but not dementia, whereas the more advanced white matter disease shown 216
in Figure 1B In general, white matter can be seen as providing for the transfer of information within 235 distributed neural networks, while gray matter subserves information processing (Filley, 2012) . 236 Accordingly, primary white matter damage results most prominently in cognitive slowing, 237 whereas primary gray matter disease leads to more specific cognitive deficits, most apparent in 238 the cortical dementia AD, which features amnesia, aphasia, apraxia, and amnesia related to 239 regional neuronal and synaptic loss (Geldmacher and Whitehouse, 1996; Table 2 The problem of AD remains particularly disturbing because, despite much effort over the 312 past three decades, no disease-modifying treatment is available. Reflecting the corticocentric bias 313 that exerts a powerful influence on the study of dementia (Parvizi, 2009) , AD is widely regarded 314 as a cortical disease in which neuritic plaques and neurofibrillary tangles are entirely responsible 315 for the dementia syndrome (Geldmacher and Whitehouse, 1996; Querfurth and LaFerla, 2010). 316
Amyloid is thought to be the primary cause of cortical injury, followed in pathogenesis by tau 317 neurotoxicity (Querfurth and LaFerla, 2010) . The amyloid hypothesis currently dominates the 318 AD field, postulating the centrality of amyloid ß42 (Aß) and its oligomers in producing cortical 319 damage, and this notion has stimulated a great deal of work on identifying agents that can clearly plays a role, offering much benefit in terms of the control of hypertension, diabetes, 383 hyperlipidemia, metabolic syndrome, cigarette smoking, and obesity, and by preventing TBI and 384 substance abuse. Attention to vascular risk factors is crucial, as these problems are strongly 385 associated with white matter ischemia because of the selective atherosclerotic vulnerability of 386 small penetrating arterioles irrigating cerebral white matter. Hypertension, for example, is a 387 powerful risk factor for white matter ischemic lesions and stroke (Debette and Markus, 2010), 388
and a large prospective study found that antihypertensive therapy was not only effective for 389 stroke prevention but also reduced the incidence of dementia (Forette et al. Advances in this field can be facilitated by a focus on many unresolved questions. First, 530 because white and gray matter lesions are often commingled in disease states, more specific 531 study of the effects of white matter dysfunction in isolation would be useful, particularly as it 532 evolves over time from subtle NAWM changes to grossly visible macrostructural lesions on 533 conventional MRI. Second, research on early vascular and traumatic injuries of white matter, 534 initially mild or even inapparent but much more significant in the years to follow, may lead to 535 crucial insights into the etiopathogenesis and treatment of presently irreversible degenerative 536 dementias. Finally, the prevention and treatment of white matter disease merits much more 537 study, as there appear to be many opportunities to focus on this area using medical and public 538 policy intervention, and by exploiting the emerging field of white matter plasticity. 559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591 
